ABSTRACT: The combination of block copolymer templating with electrostatic self-assembly provides a simple and robust method for creating nano-patterned polyelectrolyte multilayers over large areas. Understanding the deposition of the first polyelectrolyte layer is crucial for achieving successful buildup of patterned multilayers. Here, we focus on two-dimensionally confined "dots" patterns afforded by block copolymer films featuring hexagonally-packed cylinders that are oriented normal to the substrate. Rendering the cylinder caps positively charged enables the selective deposition of negatively charged polyelectrolytes on them under salt-free conditions.
Introduction
Layer-by-layer (LbL) deposition has become a leading technique for creating functional coatings with controllable thickness and composition with nanometric resolution. [1, 2] This method relies on the sequential application of polyelectrolytes (PEs) with alternate charges to a charged substrate, which leads to the formation of polyelectrolyte multilayers (PEM). [3] [4] [5] [6] [7] [8] [9] The electrostatic polyelectrolyte adsorption is entropically driven due to the release of counter ions to the solution. [10] The LbL technique has been applied to various types of substrates, compositions, [11] [12] [13] [14] and geometries [1, [15] [16] [17] [18] [19] ] using a range of PEs, including biopolymers, nanoparticles, and clays. [20] [21] [22] [23] [24] [25] [26] PEM coatings are widely applicable in medicine, sensing, molecular electronics, and surface modifications. [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] Constructing PEMs on patterned substrates opens another dimension in LbL construction, which may be useful for applications that require lateral structuring or high surface area (e.g., photonics, catalysis, controlled release, and membranes). Hammond et al. studied the deposition of PEs on micron-scale patterns prepared by micro-contact printing. [41] [42] [43] [44] [45] These studies directly addressed the selectivity of PE adhesion to different substrates, and revealed the effects of ionic strength and PE molecular weight on the selectivity. One of the interesting observations was that high molecular weight PEs give rise to smooth deposition over the preferred stripes, while simultaneously PEs accumulated along the stripe edges. This accumulation was attributed to dangling chains of anchored PE chains that retracted from the repelling matrix. [41] Jonas et al.
studied PEM construction on nano-patterned substrates prepared by electron-beam lithography. [46, 47] The main observation was that much thicker PEM deposits formed on the nano-patterned domains compared to on laterally homogeneous substrates. This behavior was attributed to the strong lateral confinement imposed by the domain dimensions.
The pioneering research described above provided important fundamental insights on confined LbL construction. However, the realization of patterned PEMs for advanced technological applications requires a simple and economic approach. Recently, we reported on sodium poly(4-styrene sulfonate) (PSS) patterning on thin films of a polystyrene-block-poly(2-vinylpyridine) (PS-b-P2VP) block copolymer (BCP) featuring a periodic pattern of positively charged stripes. [48] This study demonstrated that the deposition process is completed within a few minutes, and is followed by slower structural changes attributed to penetration of PEs and solvent molecules into the quaternized P2VP domains. Additionally, two types of PSS deposition, attributed to local variations in charge density, were observed.
In this study, we show that the utilization of films featuring hexagonally-packed dot patterns as electrostatic templates imposes two-dimensional confinement, which leads to the formation of doughnut-shaped PSS deposits. Prolonging the exposure of the substrate to the PSS solution and monitoring structural changes during "annealing", provides additional insights into the evolution of PEs that are selectively adsorbed onto periodic nanoscale patterns. were analyzed using the built-in particle analysis tool. For each time point of the PSS-treated (or TsONa-treated) samples, six (four) images measuring 22 m 2 were processed by the particle analysis implemented in the Nanoscope software. The depth histogram of each image (0.1 nm bin size) (see Figure S1b for a representative example) was processed by Savitzky-Golay smoothing (20 point window, second order polynomial). The histograms were fitted to three Gaussians. A threshold was set to exclude 99% of the area of the Gaussian representing the darkest pixels (corresponding to the deepest domains, i.e., the PS matrix; see Figure S1b ). Figure   S1c shows the qP2VP domains as turquois dots, and Figure S1d Soft X-ray scanning transmission X-ray microscopy (STXM) is a synchrotron-based spectromicroscopy technique that images samples by raster scanning them in a focused (c.a. 30 nm) X-ray beam. The incident X-ray energy can be tuned to specific regions within the near edge X-ray absorption fine structure (NEXAFS) region to highlight particular elements or chemical functional groups. It has been used frequently to characterize atmospheric particles [49, 50] as well as polymer photoresists [51] and polymer blends, [52, 53] and technical details about STXM can be found elsewhere. [54] STXM/NEXAFS measurements were performed at beamline 11.0.2 of the Advanced Light Source at Lawrence Berkeley National Laboratory. The STXM images were processed by Fourier analysis using a high pass Gaussian filter ( Figure S2 ). Figure 1b) . [55] [56] [57] The reaction is performed in the gas phase to prevent structural changes to the surface pattern. In the next stage the ESA template is dipped into a PSS solution, which adsorbs on the P2VP domains (Figure 1c) . The transformation of the P2VP cylinders from depressions to protrusions upon DIB treatment is somewhat surprising considering that crosslinking usually shrinks the material. The changes in the volumes of the cylinders could be assessed using particle analysis, which enables quantitative determination of the average heights as well as the average diameters (see Experimental Section and Supporting Information, Figure S1 for the further details). Applying this protocol to the AFM height images of the BCP pattern reveals a mono-modal distribution of P2VP cylinder diameters centered at 42 nm. Overall, the cylinders occupy 20% of the surface area of the BCP pattern. However, crosslinking the P2VP domains leads to a clear bi-modal size distribution of the qP2VP cylinder diameters, which is also visually apparent in Figure 2e . This is accompanied by reduction in the surface area occupied by the cylinders to only ~10% of the surface of the ESA template. Indeed, out of the ~5,500 cylinders analyzed, about half have shrunk from 42 nm to about 39 nm, whereas the average diameter of the other half has considerably decreased to about 18 nm (Figure 2c,f) . Nonetheless, the total number density of the cylinders has not increased.
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The last observation suggests that the qP2VP cylinders are crosslinked only at their top.
Considering the increase in cylinder heights and the decrease in diameters and the expected shrinking in volume of the crosslinked part, we calculate that the penetration depth of the crosslinks from the original P2VP cylinder top to be at least 5 nm. The reason for the bi-modal distribution relates to inhomogeneous quaternization of the P2VP domains. Support to this assumption is found at an intermediate stage during the reaction with DIB, where the film displays both depressions and protrusions ( Figure S4 ). This suggests that the crosslinking of a P2VP cylinder is a cooperative process, where the initial quaternization of pyridines in a domain facilitates the continuation of this process. We speculate that the transformation from depressions to protrusions increases the exposed area of the P2VP cylinders at the surface of the film, and thus expedites the adsorption of additional DIB molecules; however, other explanations (e.g., the effect of changes in local dielectric constant) are also possible. Narrow cylinders apparently originate from P2VP domains that have started their crosslinking earlier in the process of forming the ESA template. In that sense, the wide cylinders represent an intermediate state, and feature a lower average charge density than the narrow cylinders.
Characterization of the PSS deposition process.
Dipping the ESA template into the PSS solution further increases the heights and diameters of the dots while retaining the 2D pattern (Figure 2g-i) . XPS analysis shows a prominent sulfur peak that is attributed to PSS ( Figure S3c ).
The combination of topographical and compositional data suggests that selective deposition of PSS over the quaternized P2VP (qP2VP) domains indeed occurred. Supporting evidence for this conclusion is provided by Scanning Transmission X-ray Microscopy (STXM), which enables local elemental mapping of a scanned area with ~25 nm resolution by tuning the energy of the scanning beam to the corresponding absorption edges. Figure 3 shows an image of PSqP2VP/PSS taken at the energy corresponding to the absorption edge of oxygen after image enhancement (see Experimental Section and Supporting Information, Figure S2 for further details). Due to enhanced absorption, the oxygen-rich PSS regions appear as round blue domains (i.e., lower intensity of transmitted photons), confirming the selectivity of the PSS adhesion to qP2VP cylinder caps. This is in agreement with insights gained from XPS analysis (see Supporting Information, Figure S3 for further details) and with the results of our previous study on PSS deposition on a striped pattern.
[48] A closer examination of the SEM image of the PSS-covered template (Figure 2g ) reveals nonuniform deposition on top of each cylinder. The borders of the qP2VP/PSS domains appear to be thicker than the center of the domain (i.e., a 'doughnut' shape). The same pattern is visible in the AFM image (Figure 2h , particularly in the magnified phase image), which rules out the possibility that the doughnut shape is merely a beam-induced charging artefact. We speculate that the reason for this pattern arises from retraction of dangling segments of adsorbed PSS into the qP2VP domains upon solvent drying. [41] To gain further insights on the factors governing the process of polyelectrolyte adhesion to the qP2VP domains, we monitored the evolution of PSS deposition. The negligible dependence on incubation time of the height and diameter of the narrow cylinders seen in Figure 4i ,j (red curves) is explained by the higher charge densities that characterize these qP2VP cylinders, which lead to flatter deposition of the PSS chains. Figure 6 illustrates our hypothesis regarding the dependence of the resulting PSS shapes on incubation time for both types of dots as a function of charge density. 
Conclusions
The two-dimensionally confined patterning of polyelectrolytes over square centimeter areas on PS-b-P2VP templates featuring a hexagonally-packed dot structure was studied in detail with the aim of providing a foundation for creating patterned polyelectrolyte multilayers. The following insights were obtained from the characterization of each step of the process. First, the quaternization/cross-linking of the P2VP domains using DIB seems to be a cooperative process, where the DIB molecules penetrate at least 5 nm into the P2VP cylinders. The reaction causes the tops of the P2VP cylinders to shrink in diameter and increase in height, transforming from depressions on the film surface to protrusions. This process yields two types of cylinders: highly cross-linked narrow cylinders, resulting from cylinders that started crosslinking early in the process, and wide cylinders featuring low charge densities. The salt-free deposition of PSS was found to be highly selective toward the quaternized P2VP domains. Statistical analysis of cylinder heights from AFM images reveals that PSS apparently deposits flatly in stretched conformations on the narrow cylinders, owing to the high density of the quaternized pyridines in these domains. Conversely, PSS deposited on the wide qP2VP cylinders in a highly coiled conformation, giving rise to a substantial increase in cylinder height above the PS matrix and the formation of a doughnut shape presumably from contraction of dangling PSS segments during drying. Extended incubation time in the PSS solution enables the PSS to reorganize on the wide qP2VP cylinders, and form more homogeneous capping of the qP2VP tops upon drying.
Based on these insights, it is anticipated that controlling the deposition time should facilitate the assembly of additional positively and negatively charged polyelectrolyte layers with retention of selectivity for a few layers. This capability will pave the way for the creation of functional multilayers that exhibit lateral patterns with nanoscale periodicities, which would be useful for photonic and sensing applications.
Supporting Information. XPS Characterization, supplementary AFM images and analysis, STXM images and the processing procedure.
